The sensitizers in common use for photodynamic therapy (PDT) are summarized, and approaches to the improvement of these outlined. Selectivity in the targeting of sensitizers to tumor cells and tissue is highly desirable, as is water solubility and prevention of aggregation. Some new free sensitizers are described, based upon the pyropheophorbide a (PPa) structure, and their photophysical properties, distribution in cells via confocal fluorescence microscopy, and cell kill properties described. A novel approach to targeting is to covalently attach such sensitizers to monoclonal antibody fragments, and recent work on the attachment of pyropheophorbide a to such monoclonal antibody fragments is reviewed, with a demonstration of the increased efficiency of cell kill, and the treatment of a solid human tumor in a mouse model described. Finally, an alternative method of achieving selectivity based upon two-photon excitation (TPE) using porphyrin dimer sensitizers is reviewed, and the use of these to kill tumor cells is compared with the use of a commercially available PDT sensitizer (Visudyne). TPE of a porphyrin dimer sensitizer is shown to be capable of sealing blood vessels in a mouse model.
INTRODUCTION
This paper is dedicated to the memory of George Porter, The Lord Porter of Luddenham ( Fig. 1 ), Nobel Laureate, on the occasion of my award of the Porter Medal. It is an honor to be included in the roll of eminent scientists who have thus far been awarded the medal, beginning of course with George Porter himself (1986) .
Porter was a superb scientist who made major contributions in the development of instruments, notably flash photolysis, for which he was awarded the Nobel Prize for Chemistry in 1967, later for laser flash photolysis; in photosynthesis and artificial photosynthesis, and in the promotion of science through public engagement and via political influence.
While one could not hope to be in the same league, my career has some parallels. In instrument development, we made a significant contribution to time-correlated single-photon counting (TCSPC) [1] , being among the first to recognize that mode-locked, cavity-dumped, or pulse-picked lasers were an ideal source for these studies. A later application of TCSCP was in fluorescence lifetime imaging microscopy, where gated techniques were also used [2, 3] . Diffuse reflectance flash photolysis has been modified for use in widely scattering biological systems such as cells [4, 5] , and major advances were made in the application of time-resolved vibrational techniques, from nanosecond through to sub-It should be noted that although singlet oxygen is widely accepted as the dominant mechanism in PDT, electron-transfer processes can, in principle, play a role. Thus, difficult diffuse reflectance studies on the effect of di-sulfonated aluminum phthalocyanine photosensitizers on various bacteria (S. mutans, P. gingivalis, and E. coli, and the fungus Candida albicans) revealed the spectral signature of the radical anion of the sensitizers, clearly implicating electron transfer [4, 5] . Recent work by Arnaut et al. [20] has also indicated that fluorinated sulfonamide tetraphenyl bacteriochlorin sensitizers have cell kills in excess of those expected by the singlet oxygen route alone, again implying that the electron-transfer mechanism, ultimately producing superoxide, hydroxyl or peroxide, may be of importance.
Tumor destruction post-PDT treatment takes place in two ways, by initiation of necrosis or apoptosos (programmed cell death). Necrosis is caused by sudden cell damage, which leads to the rupture of or damage to the plasma membrane, cell lysis, and tissue inflamation. The apoptotic process is initiated when a cell given the appropriate signals begins to shrink. Eventually, the cell is taken up by phagocytes. A tumor may also be destroyed by an indirect process resulting from damage to vasculature associated with the tumor, which is thus starved of nutrients and oxygen, leading to tumor infarction. Tumor hypoxia is both welcomed in PDT, since it leads to ischemia-related cell death, but has an adverse effect, at the same time, since oxygen is required for the intial PDT process. Most treatments overcome this problem by using fractionated (multiple) light doses with a time interval in between, such that hypoxic tissue is re-oxygenated before the next dose of light.
Photosensitizers
The key component of PDT is the photosensitizer, which has to possess a number of crucial properties, including strong absorption in the red (600-800 nm) allowing photo-activation deep in tissue, some selectivity in the uptake, or retention by malignant cells, the ability to efficiently generate singlet oxygen or other ROS, and minimal dark toxicity.
Photofrin ® , a first-generation photosensitizer, was the first to be approved for clinical use, and has been used to treat advanced and early-stage lung cancers, gastric cancers, esophagal adenocarcinoma, and cervical and bladder cancers [21, 22] . Photofrin has a number of limitations including prolonged skin photosensitivity and poor absorption in the red, and more recent efforts have concentrated on socalled second-generation photosensitizers with substantially improved properties over Photofrin. A majority of these second-generation photosensitizers are based on modified tetrapyrrolic macrocyles (porphyrinoids) with excellent absorption profiles at longer wavelengths and include both naturally derived and synthetic molecules, such as Photosens (a trisulfonated aluminum phthalocyanine) [23] ; Foscan (5,10,15-tetrakis-[m-hydroxyphenyl]chlorin) [24, 25] ; Visudyne (benzoporphrin derivative, BPD), largely used to treat wet-form AMD [26] ; Levulan (5-amino laevulinic acid) [27] , which undergoes biosynthetic transformation to protoporphyrin IX, and other chlorins, bacteriochlorins, benzoporphyrin derivatives, phthalocyanines [28] , and naphthalocyanines.
There are in excess of 1450 molecules identified in the literature as being potentially of use in PDT. Very few of these will be used for this purpose, due to the high cost of introduction into the clinic associated with Phase I, II, and III clinical trials. Only those sensitizers with exceptional properties will negotiate these financial hurdles. Since the currently approved sensitizers have quantum yields of ROS formation generally of 0.5 or above, the maximum benefit that can be reached with new sensitizers based upon photochemical performance alone is a factor of two, unless a photochemical mechanism involving chain oxidation can be achieved. It is thus the belief of this author that the choice of new photo sensitizers will be based upon their aggregation and biological properties rather than photochemical, and that key to this is the targeting of water-soluble, non-aggregating sensitizers to the tissue to be destroyed.
Aggregation
Aggregation is a problem with many if not most sensitizers based upon porphyrin and porphyrin-like compounds. Dimers of most molecules are photochemically inert (but see later section on two-photon excitation, TPE), due to self-quenching of the singlet excited state of these, thus preventing formation of the photochemically active triplet state. A typical case in point is disulfonated aluminum phthalocyanines and the corresponding zinc compounds, where the fluorescence and triplet-state yields of these compounds, and the yield of singlet oxygen production are strongly pH-dependent, due to the formation of inert aggregates at low pH [29] [30] [31] . Unfortunately, the pK a value for these compounds means that at physiological pH, aggregation still occurs, rendering the sensitizers less than optimal, though still used. Tri-sulfonated aluminum phthalocyanines are less aggregated, being more water-soluble, and are used in PDT as "Photosens". The presence of inert dimers of aluminum phthalocyanines, which are capable of quenching dynamically the excited singlet state of the monomeric, active sensitizer is a process that has to be invoked in order to explain the photophysics of these compounds in cells, in lipids, and in concentrated aqueous solution [32] [33] [34] .
For all sensitizers, provision of a water solubilizing group reduces the tendency to aggregation, and successful sensitizers will undoubtedly have this feature, though liposolubility is also desirable. In recent work, we have synthesized some water-soluble sensitizers based upon the pyropheophorbide a (PPa) structure, compounds 1 and 2 ( Fig. 3) [35, 36] . 
New sensitizers
It is evident from both absorption and fluorescence spectra that in an aqueous environment all three photosensitizers show significant aggregation. Dyes 1 and 2 display increased fluorescence intensity compared to PPa in water, and this together with solubility data indicates that aggregation is significantly reduced for these compounds, increasing their bioavailability. However, it is still expected that in the cellular environment these derivatives will be trafficked to the hydrophobic cellular domains and/or will associate with the intracellular proteins, which will further assist in their disaggregation [37, 38] . Photophysical properties of PPa, 1 and 2, are summarized in Table 1 . Both 1 and 2 have higher singlet oxygen quantum yields than PPa, Table 1 . We have also determined that for the three photosensitizers under study the sum of (φ Δ + φ f ) is approximately constant and equals ca. 0.8. Thus, a substantial increase in φ Δ for 2 compared to PPa (0.73 compared to 0.5) leads to a marked decrease in fluorescence efficiency. Fluorescence is a useful property of a PDT photosensitizer, which aids in photo diagnosis and tumor localization, however, φ f > 0.1 is deemed sufficient for these purposes. Thus, on the basis of the photophysical properties, 2 is the best photosensitizer in the current series. a λ max (em) is the peak fluorescence wavelength; φ f is the fluorescence quantum yield determined vs. PPa in toluene (φ f = 0.3) 5 % error; φ Δ is the singlet oxygen quantum yield determined vs. PPa in toluene (φ Δ = 0.5), 10 % error; τ Δ is the singlet oxygen lifetime. From ref. [35] .
Phototoxicity
There is no single standard for measuring phototoxicity of a photosensitizer, due to the large number of variables that can determine the PDT efficiency in a given system. These factors are (i) photosensitizer concentration, (ii) incubation time, (iii) irradiation time and intensity, (iv) the cell type used, and other factors. Two cancer cell types commonly used in our laboratory, SKOV3 and KB, were used to test the PDT efficiency for PPa, 1 and 2. Irradiation time and fluency as well as the incubation time has been previously optimized for PPa, and in this work we have kept those conditions constant while measuring the effect of photosensitizer concentration on the overall cell kill, observed 48 h following irradiation. The 48 h period was deemed sufficient to capture the effect of both apoptosis and necrosis on the cell death. The experimental dose-cytotoxicity curves are shown in Fig. 4 . Promisingly, all photosensitizers demonstrated insignificant dark cytotoxicity up to concentrations of 100 μM, for both cell lines.
centration is required to achieve achieve 50 % cell kill with PPa compared to 2. For the KB cell line, both PPa and 1 are over 20-fold more potent than 2, Table 2 . From ref. [35] .
Confocal microscopy
This trend in phototoxicity, 1 > PPa > 2, is particularly surprising given the higher solubility and higher singlet oxygen yields for both 1 and 2 and φ Δ (2) > φ Δ (1). To investigate the reasons behind such a drastic difference in phototoxicity of 1 and 2, confocal fluorescence microscopy was used to determine the intracellular localization of 1, 2 and PPa in cells.
The phototoxicity of a compound depends on the extinction coefficient at the activation wavelength, photosensitizer concentration, its quantum yield of singlet oxygen production, and, finally, the intracellular localization of the photosensitizer. We cannot explain the poor phototoxicity of 2 based on the first three factors, since they are either identical for all three photosensitizers studied or even more favorable for 2.
Intracellular localization is clearly a crucial factor in PDT efficiency, since the diffusion distance of ROS is very small and thus intracellular localization translates directly to the photosensitizer's ability to target vulnerable organelles within cells. For example, previously, for photosensitizers that can efficiently kill diseased human cells, intracellular localization in the mitochondria was found to be important [39] . Therefore, we have investigated intracellular localization of 1 and 2 and compared it to PPa by monitoring their fluorescence at 700 nm using confocal microscopy in live preincubated cells.
Confocal microscopy has been previously used to demonstrate that PPa derivatives localize in various hydrophobic membrane-like domains within cells [40, 41] . The fluorescence confocal images of SKOV3 cells preincubated with 1 and 2 are shown in Figs. 5-7. The images of SKOV3 cells incubated with PPa are also shown for comparison. It is clear that while the intracellular localization of 1 is very similar to that of PPa, the pattern of intracellular fluorescence of 2 is strikingly different (Fig. 4i) . Unlike PPa and 1, the photosensitizer 2 shows punctate distribution inside the cells, possibly in intracellular vesicles.
Co-staining experiments using the organelle stain Mitotracker ® Green FM (mitochondria) and LysoTracker ® Green (lysosomes) are shown in Figs. 5 and 6, respectively. We observed significant colocalization of 1 and PPa with Mitotracker ® Green FM and no co-localization for 2, Fig. 5 .
It is likely that 1 is localized in the plethora of intracellular membranes, similar to the parent MePPa [42] . In contrast, the pattern of intracellular fluorescence of 2 is very different and does not show a pattern similar to any organelles that are considered crucial in PDT, such as ER, Golgi, or plasma membrane. Significantly, we saw similar co-localization of 1 and 2 in lysosomes (Fig. 6) , consistent with increased hydrophilicity but suggesting that lysosomal distribution does not account for the observed difference in PDT potency.
Thus, the different localization of 1 and 2 in cells does appear to be responsible for poor PDT efficiency of 2, this in spite of its very favorable photophysical properties.
Another contributing factor to the difference in PDT efficiency could be the relative uptake of the compounds. We have estimated the intracellular concentration by monitoring fluorescence intensity in confocal images of cells incubated with solutions of 1 and 2. These data indicate that both dyes are taken up by SKOV cells with similar speed and to a similar extent. The difference in intracellular distribution is likely to be due to different mechanisms of intracellular uptake of 1 and 2, explained by markedly different hydrophilic properties 
TARGETING
Currently used free sensitizers achieve targeting only in the ratio of 2-5:1 tumor to normal tissue; improving this by at least an order or magnitude could reduce dramatically the dosage required for the PDT effect, and reduce considerably side effects such as skin sensitivity.
The principal means to achieve targeting include i. whole antibodies, ii.
monoclonal antibody fragments, iii. peptides, sugars, folic acid, iv. multifunctional nanoparticles, and v.
spatial targeting using TPE.
Whole antibodies have proved to be largely unsuccessful for PDT, due to solubility problems. The use of peptides, folic acids and sugars, and nanoparticles has been widely studied, but can be exemplified by the work of Frochot et al. [43] [44] [45] [46] [47] . Our own work has concentrated upon single-chain monoclonal antibody fragments on which typically 8-10 sensitizers per monoclonal can be achieved, without causing the aggregation that plagues free sensitizers (Fig. 8) .
The sensitizers are attached to the monoclonal antibody fragments via a peptide linkage to the lysine amino acids in the monoclonal. For some antibodies, lysines in the binding pocket have thus to be genetically altered so as to prevent attachment of a sensitizers in this location, which would eliminate specific binding. The details of the chemistry associated with the attachment of the sensitizer to the monoclonals, the choice of targets, and comparison with existing sensitizers are all outside the scope of this article, but a typical result of this type of targeted PDT is shown in Fig. 9 , in which a thrice-repeated light treatment on mice bearing a human carcinoma is shown to be completely successful in the case of the monoclonal antibody-sensitizer conjugate in eradicating the tumor, whereas the free sensitizer merely arrests growth for a time before re-growth occurs. This result has been repeated with a variety of targets for different tumors, and a range of different sensitizers, and in the view of the author, provides the prospect of a real advance in the appeal and efficacy of PDT. 
TWO-PHOTON EXCITATION
The second approach to targeting used in the author's laboratories is that of TPE, such that it is only at the focal point of a pulsed laser that there is sufficient intensity for the two-photon process to occur. The effects are thus spatially confined and thus are controlled by the focusing of the laser. The sensitizers developed by Harry Anderson's group in Oxford, which have very high cross-sections for two-photon absorption, are shown in Fig. 10 , and the effect on cells illustrated in Fig. 11 , from which it can be seen that although the one-photon effect is poorer in comparison with the commercial sensitizers Visudyne, in TPE, the porphyin dimers are much more effective [48, 49] . TPE has the advantage of using red or infrared light, which penetrates tissue much more readily that visible light needed for one-photon excitation. The two-photon process may thus have some potential as a means of achieving spatial selectivity in PDT, though it must be admitted that there are practical difficulties associated with focusing lasers within highly scattering media such as human tissue. Nevertheless, the principle has been demonstrated by the two-photon PDT sealing of blood vessels in mice, Fig. 12 [49] . Targeted PDT 745 
CONCLUSIONS
We have investigated the PDT efficiency of two new second-generation photosensitizers, based on the pheophorbide-a structure. Both photosensitizers show singlet oxygen production efficiencies comparable to those of clinical photosensitizers, and higher than PPa. Furthermore, even though they demonstrate a lower tendency to aggregate than the parent PPa, the PDT efficiencies of the new photosensitizers do not follow the simple trend derived from the photophysical properties, but biodistribution in cells is of critical importance. We have shown that sensitizers covalently attached to monoclonal antibody fragments are much more efficient at cancer cell kill, and in destruction of tumors in a mouse model.
A new family of PDT photosensitizer porphyrin dimers with high two-photon cross-sections offer a significant improvement in TPE over the commercial photosensitizer Verteporfin. This has been shown to be effective TPE-PDT in vivo in a living mammal. Although the energy density required for two-photon vessel closure with near-infrared light is higher than would be required for one-photon closure with visible light, there is no detectable photothermal damage because the tissue is essentially transparent at the illumination wavelength (920 nm). This study highlights the feasibility of two-photon PDT as a new strategy for targeted occlusion of blood vessels. 
